The role of polygalacturonase in leaf abscission was studied in explants of Phaseols vudgaris L. cv. Red Kidley. Bean polygalacturonase was partiafly characterized and comparisons were made between the bean enzyme and previously reported higher plant polygalacturonases. Polygalacturonase isolated from bean leaf abscission zones has a pH optimum between 4.5 and 5.0 and hydrolyzed polygalacturonides in an exo-fashion.
course of abscission in explants aged either in air or in ethylene. The enzyme was primarily localized in the abscission zone, however, indicating a possible involvement in the abscission process. A theoretical model which could explain the relationship between polygalacturonase and bean leaf abscission is discussed.
An increase in soluble pectins of the middle lamella in abscising tissue has been reported in several studies (3, 10, (23) (24) (25) ). These findings suggest the possible role of pectolytic enzymes in the dissolution of the middle lamella during abscission. Studies on the role of pectinesterase (6, 9, 11, (18) (19) (20) (21) 25 ) and polygalacturonase (1, 2, 5, 10, (17) (18) (19) 22) , however, have not clearly demonstrated the involvement of either enzyme in the process of abscission in more than a select group of plants.
Osborne (11) reported a decline in pulvinar PE2 activity as compared to PE activity in the petioles of abscising leaves in Phaseolus, suggesting that decreased PE activity could cause the increased solubility noted in middle lamellar pectins. Although her findings were supported by LaMotte et al. (6) , several other studies reported no change in PE activity over the course of abscission in Nicotiana (25), Phaseolus (9, 18, 19) , and Citrus (21) .
Moline et al. (9) were able to detect a change in PE levels in Coleus, but not in nine other plants. These observations suggest that although PE may play a role in abscission in certain plants, the involvement of this enzyme in a general abscission mechanism is questionable.
Reports of the role of PG in abscission have varied in previous studies. Rasmussen (18) reported no change in PG activity following the excision of primary leaf blades in Phaseolus until 96 h, when activity decreased slightly. Morre (10) noted a rise in the activity of pectinase (a general term for enzyme mixtures containing PG) which accompanied abscission in Phaseolus, with the greatest increment in activity occurring 48 h after excision of primary leaf blades. Reports of the involvement of PG in citrus abscission have also differed. Rasmussen (18) The present paper reexamines the role of PG in the abscission of leaves of Phaseolus using recent techniques (16, 22) for extracting the enzyme and measuring activity. The results show that PG is localized in the abscission zone, although changes in enzyme activity were not found to accompany abscission.
MATERIALS AND METHODS
Plant Material and Treatments. Seeds of Phaseolus vulgaris L. cv. Red Kidney were sown in flats of Vermiculite. The flats were kept in growth chambers programed for a 16-h photoperiod at 1,000 ft-c with a 28 C day temperature and a 26 C night temperature. The flats were watered every other day or when surface Vermiculite became dry. Seedlings were harvested when the primary leaves were fully expanded, usually 9 to 10 days after sowing. The cotyledons, leaf blades, and shoot apex were excised and the explants were placed in beakers filled with distilled H20. The beakers were left to sit either in air or in a desiccator injected with 50,u/ll ethylene.
Extraction of Enzyme. Abscission zones were sliced from explants so that equal lengths of pulvinus and petiole surrounded the separation layer, making a total segment length of approximately 4 mm. In certain experiments which were conducted to determine enzyme localization, sections of petiole were used in place of abscission zones. For each replication of an experiment, 60 zones were weighed and ground in mortar and pestle with sea sand and 10 ml of 50 mm Na-phosphate buffer (pH 7.5) containing 6% (w/v) ammonium sulfate. Subsequent steps were carried out in an ice bath or under refrigeration using a modification of the method described by Riov (22) .
In the modified procedure, the ground homogenate was stirred for 30 min and filtered through fine nylon mesh to remove large plant debris and sand. The filtered extract was centrifuged for 10 min at 20,000g, after which the pellet was discarded and the volume of the supernatant recorded. PG was precipitated from the supernatant by slowly adding ammonium sulfate to 70% of saturation. The extract was then allowed to stand for I h and centrifuged for 10 min at 20,000g. The supernatant was discarded, the pellet resuspended in approximately 2 ml of0.5% (w/v) NaCl, and dialyzed overnight against the same solution. After centrifugation for 10 min at 20,000g, the clarified dialysate was brought up to a standard volume, usually 2.6 ml, with 0.5% NaCl.
Enzyme Assays and Measurement of Per Cent Abscission. Initial viscometric assays were conducted to determine the loss in viscosity of sodium polypectate (Sigma Chemical Co.) (22) . Standard reaction mixtures for this assay contained 0.5 ml enzyme extract and 6.5 ml of 3.0% (w/v) sodium polypectate in 50 mM Na-acetate buffer (pH 5.0) containing 1 mm sodium hydrosulfite. After incubation at 30 C for I or 24 h, reaction mixtures were tested for a loss in viscosity. Viscosity of the mixtures was determined by timing the flow rate of the heated mixtures through a pipette calibrated so that H20 flowed between two predetermined points in 0.6 s at room temperature.
A colorimetric assay was used to determine the increase in reducing groups in sample reaction mixtures. Each reaction mixture contained 0.5 ml enzyme extract and 0.5 ml of 0.25% (w/v) sodium polypectate in 50 mM Na-acetate buffer (pH 5.0) containing 1 mm sodium hydrosulfite. A blank was prepared by adding the active enzyme after incubation. Incubation continued for 6 h at 30 C, after which the reaction was terminated by adding 1.0 ml dinitrosalicylic acid reagent (8) tracted from bean leaf abscission zones with a high salt buffer. Measurement of PG activity was facilitated when the enzyme was precipitated from crude extracts with ammonium sulfate. This process concentrates the enzyme, allowing for higher activity per unit volume. In previous studies, plant extracts were brought to 75% (16) Mode of Action. PGs extracted from higher plants have been reported to be both exo-and endohydrolases (12) (13) (14) (15) (16) 22) . To determine the mode of action of bean PG, viscometric and reductometric assays were compared. The bean enzyme was incubated with sodium polypectate and the reaction mixtures were assayed for a loss in viscosity. Only a slight loss in the flow rate of the reaction mixtures through a specially calibrated pipette was noted over a 24-h pH Optimum and Uronic Acid Oxidase Inhibition. Bean PG was found to reach optimal activity between pH 4.5 and 5.0. Accordingly, sodium polypectate was prepared for experiments in a Na-acetate buffer at pH 5.0. Riov (22) reported that in citrus, a uronic acid oxidase exists which is also active at this pH. Uronic acid oxidase catalyzes the oxidation of D-galacturonic acid to galactaric acid and would decrease the level of free reducing groups in reaction mixtures. Addition of 1 mm sodium hydrosulfite to reaction mixtures completely inhibited citrus uronic acid oxidase. The effect of sodium hydrosulfite on the activity of bean PG was determined reductometrically. Without sodium hydrosulfite, PG activity reached about 68% of the activity reached in the presence of the uronic acid oxidase inhibitor. Sodium hydrosulfite was therefore added to substrate preparations.
Localization of Enzyme Activity. PG activity was measured in abscission zones and petiole sections ground at the time of excision. Activity was also measured in abscission zones and petiole sections aged for 72 h in air. In both cases, substantially higher activity was found in the abscission zones (Table I) . The enzyme appears to be mainly localized in the abscission zone with smaller quantities occurring in the petiole. The ratio of activity between abscission zones and petioles shows no substantial change between freshly excised plants and those aged for 72 h in air. The apparent increase in PG activity (Table I) 
DISCUSSION
No enhancement of PG activity during bean leaf abscission was observed in this study. PG activity remained virtually constant throughout the course of abscission in explants aged either in air (Fig. 2) or in ethylene (Fig. 1) . Localization of high levels of PG in the abscission zone as compared to the petiole (Table I) indicates that the enzyme might play some role in the process of separation.
Pressey and Avants (16) detected PG in oats, beans, peas, corn, tomatoes, squash, beets, turnips, and asparagus among other plants, all exhibiting pH optima within the range of 4.5 and 5.5. Earlier studies detected PG in peaches (12, 14) , cucumbers (13), carrots (14) , pears (15) , and citrus leaf separation layers (22) . These PGs were also found to have pH optima between 4.5 and 5.5. Pressey and Avants (16) reported a pH optimum between 5.0 and 5.5 for PG extracted from Red Kidney bean hypocotyls, and an optimum of pH 5.0 for Blue Lake bean pod PG. The enzyme extracted from beans in the present study has a pH optimum between 4.5 and 5.0, suggesting a uniformity of pH optima among higher plant PG.
Both endo-PGs (12, 14) and exo-PGs (12-16, 22, 23) have been extracted from higher plants. Evidence presented in this study indicates that the PG localized in bean leaf abscission zones is probably an exohydrolase. This evidence is contrary to the report by Morre (10) that bean PG is an endohydrolase. PGs localized in citrus leaf separation layers have also been reported to be exohydrolases (22) . No attempts to distinguish between exo-and endo-PGs in abscission zones of plants other than citrus and beans have been reported. Further studies will be necessary to determine whether endo-or exo-forms of the enzyme are present in the abscission zones of other plants.
A cell-wall-degrading enzyme should be localized primarily at the site where cellular degradation takes place. PG was found to exist in bean leaf abscission zones at significantly higher levels than in petiolar sections (Table I) , indicating a possible involvement with the abscission process. The occurrence of low levels of the enzyme in petiolar tissue suggests that PG may serve functions other than cell wall degradation in this tissue. It should be noted that Rasmussen (18) detected relatively high levels of PG activity in bean seedling petioles and stems, and Pressey and Avants (16) reported the existence of PG in the stem tissue of young oat plants, suggesting that the enzyme might play a role in the growth of the tissue. The bean plants used in the present study were between 9 and 10 days old and were in a period of rapid growth. Occurrence of low PG levels in the young petioles would tend to support Pressey and Avants' explanation for the presence of PG throughout young plants.
The failure to distinguish between endo-and exo-forms of PG has led to various reports of the role of this enzyme in abscission. Several researchers have used a viscometric assay to measure PG activity (1, 2, 17) . This assay, although relatively sensitive for measuring endo-forms of the enzyme, is extremely insensitive for measuring the activity of an exo-PG (22) . Rasmussen (17) used a viscometric assay for determination of enzyme activity, finding no pectinase activity in citrus fruit separation zones during abscission. This led him to conclude that pectinase is not involved in citrus fruit abscission. Greenburg et al. (5) later succeeded in extracting and assaying for PG in citrus fruit abscission zones, using a reductometric assay to measure enzyme activity. A reductometric assay was also used by Rasmussen (18), who detected PG activity in beans. These reports indicate the importance of choosing a suitable assay to measure exo-PG activity.
Comparisons among different studies on PG activity are hindered by the lack of congruity found in the arbitrary units used to describe enzyme activity. Several studies using reductometric assays have standarized these units somewhat by defining a unit as the amount of enzyme which catalyzes the release of 1 ,umol of galacturonic acid (5, 16, 22, 23) . The amount of galacturonic acid released by enzymic hydrolysis is dependent on the length of incubation. Units of enzyme activity have been defined as the amount of galacturonic acid released in 1 h (16, 22) , in 6 h (5), or in 24 h (23). It is important, if different lengths of incubation are to be used, that tests be conducted to determine whether the reaction rate remains linear over the period of incubation. Otherwise, comparisons cannot be made between units calculated from different incubation times. Pressey and Avants (16) observed that the rate of the reaction between oat PG and pectic substrate was linear for 90 min. In the present study, it was determined that the reaction with bean PG remained linear for 6 h. The linearity of the reaction between citrus PG and a pectic substrate has not been reported.
If PG were the sole agent mediating the dissolution of the middle lamella during bean leaf abscission, a rise in PG activity would be expected to precede or at least accompany the course of abscission. The results reported in the present study do not indicate that such an increase occurs. However, PG could play a role in abscission as one link in a more complex chain of events leading to the breakdown of polygalacturonides. The combined action of two pectolytic enzymes, i.e. PE and PG, is one such mechanism which could mediate a breakdown of the middle lamella during abscission. It is known that demethylation of esterified pectic substances by PE makes them labile to PG action in vitro (7) . Whether such a mechansim exists in vivo remains to be determined, but combined action by these two enzymes is theoretically feasible.
Auxin has been shown to bind PE to cell walls (4) . In this form PE is inactive. The lowering of auxin levels in the abscission region prior to separation could activate PE by freeing the enzyme from cell walls. Action by PE would prepare polygalacturonides for action by an exo-PG. A time factor, rather than a measurable change in enzyme levels could in this way control the dissolution of the middle lamella during abscission. In vitro determinations of PE and PG activity under standardized optimal conditions cannot indicate whether a system of enzyme inhibition and activation exists in situ. If such a system does indeed exist in bean plants, the process of dissolution of the middle lamella during leaf abscission may be more complicated than has been previously proposed. New techniques would then be necessary to examine further the role of pectolytic enzymes in bean leaf abscission.
